The results of dielectric properties and direct current specific electric conductivity measurements in Armenian natural clinoptilolite samples are presented. Electron irradiation with energy 8 MeV and thermal treatment of samples are performed to elucidate possible enhancement mechanisms of clinoptilolite parameters. The results are discussed on the basis of new point structural defects formation and recombination of initial ones in samples. It was shown that the irradiation dose of 3·10 16 el/cm 2 is critical for natural zeolite structural change, which is manifested by significant changes in dielectric properties and other characteristics. The samples subjected to high temperature heating after electron irradiation, in comparison with an unquenched one, have a significantly higher (about an order of magnitude) value of specific conductivity.
Introduction
Zeolites are microporous crystalline aluminum-silicates that are sub-grouped into various families, depending on the channel structure and Si/Al ratio [1] . Among these, clinoptilolite, with high ratio of Si/Al, is of special interest and has large applications in industry and agriculture. The investigation of zeolite dielectric characteristics during the hydration and dehydration processes gives important information on its sorption capacity and catalytic activity [2] [3] [4] [5] [6] . The measurement of zeolite dielectric permittivity and a.c. conductivity, which are ionic or mixed electronic/ionic, is frequently used for studying the water sorption properties, whereas the absorbed water molecules in zeolites close to room temperature play a dominant role in electrical behaviors [7] . The radiation effects in zeolites are less investigated, although radiation modifications of these materials can change their sorption and other properties [5] [6] [7] [8] [9] . The irradiation induces structural radiation defects with controllable concentration and type without changing the stoichiometry of irradiated material. Irradiation is a good tool for modifying and, in some cases, enhancing the physical and chemical properties of different materials, including zeolites ones [5, 6, 8, [9] [10] [11] [12] [13] [14] . Thus, through irradiation, it is possible to control sorption and other properties of zeolite.
Ref. [6] reported that irradiation of US-HY zeolite by ionizing γ-rays induces contrasting effects. Authors of ref. [15] have observed a nonlinear dependence of adsorption properties after irradiation of NaA zeolite by γ-quanta or by reactor neutrons with doses up to 120 Mrad. An ordering at small doses (0.5-5 Mrad) and disordering of a crystal lattice structure at higher doses was shown. The observed ordering of crystal structure after low-dose irradiation is explained by the annihilation of initial (sometimes called biographic) defects, while the disordering of structure is explained by the accumulation of radiation defects [10] [11] [12] [13] [14] . In ref. [16] the influence of γ-irradiation on the sorption ability of NaX zeolite in relation to hydrogen, ammonia, water vapor, and pyridine was studied. In ref. [8] it was found, that, at certain doses of electron irradiation with energy 8 MeV, enhancement of sorption properties of natural clinoptilolite is observed. The authors suggested that this can be attributed to the change of zeolite atom charge states (with irradiation), but not the cell structural change.
One of the important physical parameters of zeolites is their specific conductivity, which is very sensitive to the presence of structural defects and molecules of water. For example, the γ-irradiation, with doses up to 100 MRad, of dealuminated ultra-stable US-HY zeolite samples increases the specific conductivity (σ) almost by an order of magnitude [6] . The growth of σ at small doses of irradiation can be attributed to the increased mobility, or concentration, of protons, whereas at higher doses the observed reduction of σ can be due to radiation-induced dehydration and narrowing of channels of a sample [6] .
However, the abovementioned studies were carried out only on synthetic zeolites, and as a source of radiation defects formation, a γ-quanta from a Co 60 isotope were used. Among different types of natural zeolites the clinoptilolite is of great interest because it is widespread in nature, has a high molar ratio Si/Al > 4, and has pores with variable sizes.
In the present work, measurements of specific electric conductivity and dielectric properties of Armenian natural clinoptilolite before and after irradiation by electrons with 8 MeV energy and various doses are presented. The data are interpreted within the framework of host/ guest approach, as summarized for the description of electric properties of zeolites, porous solids, and the microporous semiconductors containing molecular and nanoscale "guests" [7] .
Experimental
The samples are made of Armenian natural zeolite powder containing up to 85 % clinoptilolite with Si/Al ratio equal to 9.8. Other contaminants in the raw materials are as follows: feldspar -5 %, quartz -5 %, mica -2 %, clays -3 %. The chemical composition of Armenian clinoptilolite in oxide form is given in Table 1 . These results were obtained by chemical and thermogravimetric analysis. According to thermogravimetric measurements, the endothermic effect of dehydration is observed at temperatures of 70-300
• C, with simultaneous mass loss of up to 8.2 % [8] . Zeolite powder was pressed into pellets at 150 kg/cm 2 pressure and to 2-3 mm thickness. The pellet was mechanically cut into samples with an approximate area of 5x6 mm 2 . Silver contacts were made on both sides of the sample surfaces. Then samples were annealed at 120
• C temperature for two hours, and two more hours at 220 • C. This processing creates reliable ohmic contacts.
Measurements of samples' electric permittivity ε = ε′-iε′′ were carried out on a homemade installation in electric-field frequencies from 200 Hz up to 1 MHz and a sinusoidal amplitude voltage of 0.1 V. The installation has a bridge configuration and applies an electrical d.c. field of 0 ± 20 V and measures d.c. conductivity. The measurement accuracy is about 7 %. Measurements were carried out in the air with a temperature range from 293 K up to 350 K, at a relative humidity of 50-65 %. The sample temperature was measured by a copper resistor with an accuracy of 0.2 K. The sample was at normal atmospheric pressure. To obtain a fixed temperature, it was kept for about three hours until full equilibrium condition was established. Samples were irradiated at room temperature by electrons with 8 MeV energy and doses varying from 10 12 el/cm 2 to 3 · 10
16
el/cm 2 in the linear electron accelerator ELU-8 at Yerevan Physics Institute. Note that for the samples used and the given irradiation conditions, the irradiation dose 10 13 el/cm 2 corresponds to about 1 MRad absorption dose. All measurements were performed with raw samples. After switching off the direct electric field, the current passing through a sample remains for over 20 minutes (for larger samples), that is, relaxation processes are taking place. The main reason for such relaxation is the polarization of a sample, which is taken into account by a method described in refs. [17] [18] [19] [20] .
3 Results and discussion
Dielectric properties
The dielectric permittivity ε = ε′-iε′′ and a.c. conductivity σ ac of zeolite are important parameters for understanding the mechanism of conductivity in these materials. Fig. 1 shows the frequency dependence of the dielectric constant ε′ of Armenian natural clinoptilolite after electron irradiation with 8 MeV energy at various doses. From the data it is obvious that the frequency dependence of the dielectric constant ε′ for samples before and after irradiation has a qualitatively similar behavior pattern. For all samples, with an increase of electric field frequency from 200 Hz to 1 MHz, the dielectric constant decreases by more than two orders of magnitude. It is noteworthy that the similar frequency dependence of dielectric loss ε′′ was observed for all samples. Similar results were found for US-HY type zeolite in ref. [6] . Fig . 2 illustrates the dose dependence of ε′ measured for different electric field frequencies. Here it is more obvious that at initial irradiation doses, the dielectric constant monotonically increases more than three times, up to the dose of 10 15 el/cm 2 . However, at the 3·10 16 el/cm 2 dose the dielectric constant sharply decreases, and this dose is critical for zeolite. In the latter case, the influence of structural radiation defects concentration on the dielectric parameters is obvious. The role of the 3 · 10 16 el/cm 2 critical dose can be accurately deduced by measuring the dielectric losses factor tan δ = ε′′/ε′, characterizing the value of energy loss of the electric dipole in the a.c. electric field. Fig. 3 shows the frequency dependence of tan δ before and after electron irradiation with various doses. Apparently, before and after electron irradiation, up to a dose of 10 15 el/cm 2 , the frequency dependencies of tan δ are similar. These curves have a wide maximum at the electrical field frequencies from 10 4 Hz up to 3 · 10 5 Hz. After the critical dose irradiation these dependencies have different behaviors. In this case, the tan δ changes by more than a factor of four, and there is a strongly pronounced peak at a rather narrow frequency range from 1 kHz to 3 kHz.
At high frequencies the reduction of tan δ is considerable. Note that the applied d.c. voltage of ± 10 V exceeds the a.c. electrical field amplitude voltage by two orders of magnitude, which does not have a strong effect on the electric permittivity parameters: ε′, ε′′. It means that the dielectric response in the investigated samples is caused mainly by electric dipoles. These data show that the irradiation dose of 3 · 10 16 el/cm 2 affects not only the concentration of electric dipoles but also their parameters.
Important information about the conductivity mechanism of zeolites can be obtained from E A thermal-activation energy measurements. The Arrhenius dependence of the a.c. electric conductivity on temperature is given by:
where A is the pre-exponential factor, which depends on the charge and number of the mobile species, its on-site oscillation frequency and hopping distance 10 , and k B is Boltzmann's constant. The a.c. conductivity has been determined using the relation 
where f is the electric field frequency and ε o is the vacuum permittivity. E A is calculated from the slope of the linear dependence of ln(σ ac T) on 1/T. Fig. 4 illustrates the Arrhenius dependence for some samples of natural clinoptilolite before and after electron irradiation with different doses. The dependence of activation energy on temperature for each sample and irradiation dose is significantly different. The comparison of these experimental data shows that for all samples at 322 K and higher temperatures, the activation energies are the same (0.08 eV). At lower temperatures are different activation energies (Table 2) . At the temperature range from 322 K to 293 K, there are two temperature intervals where the E A is different for all samples. Such behavior of E A can probably be attributed to the type of radiation effects in samples, which significantly influence the activation 
energy.
Thus, from the analysis of experimental data, one can conclude that the change of dielectric constant after electron irradiation of natural zeolite is due to the generation of different types of radiation defects. The electron irradiation at the initial stage creates radiation defects enhancing formation of H and OH ions in water adsorbed in zeolite, which may cause an increase of dipole-type response up to the dose of 10 15 el/cm 2 . The critical effect of the irradiation dose of 3 · 10 16 el/cm 2 is probably due to the preferable increase of structural radiation defects concentration in zeolite, which destroys the cell structure and hence reduces the capacity for the formation of H and OH ions in the adsorbed water.
Specific conductivity
The measurements have shown that the value of specific conductivity for a partially hydrated clinoptilolite sample is σ 0 =3·10 −9 ohm −1 ·cm −1 , and for a completely hydrated sample it is σ 0 = (1÷2)·10 −5 ohm −1 ·cm −1 , which is an order of magnitude less than the corresponding values for synthetic zeolite NaA [2, 3] . Such small values of clinoptilolite conductivity probably can be explained by the hopping nature of protons with greater activation energy [1, 2] . The molar ratio Si/Al for natural clinoptilolite is 4.1/9.7, while that for NaA is 1.25/ 3.25, and, according to ref. [21] , the first material has a greater activation energy than the second one.
The dose dependence curves for the ∆ = (σ − σ 0) / σ 0 parameter are presented in fig. 5 , which show that σ is unstable through the whole dosage interval. So, the curve 1 (sample S1 series) has a peak at the dose D ≈ 10 13 el·cm −2 , which reaches a maximum at D=10 14 el·cm −2 . However, a reduction of ∆ by 20 % was observed at D= 3 · 10 13 el·cm −2 and 3 · 10 14 el· cm −2 , whereas this decrease achieves maximum (∼ 50 %) at D = 3 · 10 15 el·cm −2 . Curve 2, obtained for the same samples S1 after their storage at room temperature for approximately 2000 hours, shifted in relation to curve 1; besides, these curves show antibatic character at an irradiation dose interval from 5 · 10 12 el·cm −2 to 2 · 10 14 el·cm −2 . That is, if at the same dosage one curve has a maximum, another has a minimum and vice-versa. Curve 3 is obtained for samples of series S2 whose contacts are made after irradiation of a zeolite powder and their two-step heating up to 220
• C. All of curve 3 is located above curves 1 and 2 at doses higher than 10 13 el·cm −2 . Differences between curves 1 and 2 can be affected by the different migration pattern of metastable, radiation-induced, and initial defects in the post-irradiation period. In addition, during migration, part of the thermally unstable interstitials or vacancies annihilate or form simple complexes. There are several likely reasons for the observed oscillations of parameter ∆ depending on irradiation dose.
After irradiation of samples at low doses, annihilation of initial defects takes place, which enhances sorption ability [8] or σ (present work). On the other hand, similar to results of ref. [15, 16] , it is possible to assume the presence of two types of longlived defects serving as the centers of adsorption. The first type of centers act at low temperatures (up to 100
• C) and may be exposed to thermal and radiation annealing. The second type of centers is stable at 200
• C and above and, apparently, is connected with catalytic properties. Hence in S2 samples (curve 3), subjected to high-temperature treatment, the conductivity, as a whole, has higher values than S1 samples (curves 1 and 2). This is especially strongly expressed at doses above 10 15 el·cm −2 . Fig. 5 shows that σ achieves the maximum at D=10
16 el·cm −2 .
The sharp decrease of ∆ at higher dose is probably connected to the accumulation of a large concentration of radiation defects that may cause radiation-enhanced dehydration and phase transition in clinoptilolite, as it was revealed in NaA zeolite after its microwave irradiation, and in US-HY zeolite after its γ-irradiation [6] . Clusters type [(SiO 2 ) n−1 (AlO 2 )] − and [(SiO 2 ) n OAl] − were observed in ZSM-5 zeolites after their intensive laser irradiation [22] . The concentration of each of them may vary with irradiation dose, as they have various degrees of stability, the first of them being a more stable centre. By irradiation of zeolites and zeolite-like materials, it is possible to change their granular structure, to form non-equilibrium electrons and holes, and different type of radicals on the samples surface [23, 24] . All listed processes may result in a change of parameters for electrical-carrier transport of zeolite, such as concentration of protons and their mobility, length of free path of charge carriers (various ions), and polarization of the crystal cage [20, 25] . Fig. 6 shows the changes of parameter ∆ in samples of the S1 series, depending on the time of their post-irradiation storage t a in the interval from one to 2000 hours. Apparently, the type of this behavior depends on irradiation. So, in the samples irra-diated by electrons with doses up to D=10 14 el·cm −2 , the conductivity shows a tendency of reduction with t a in the interval of at least about 3 days, whereas in the samples irradiated with doses above 10 14 el·cm −2 , the conductivity during this time tends to increase. The curve of ∆(t) dependence during the total time of storage t a (about 3 months) shows non-monotonic behavior. For all samples (except for D=3 · 10 15 el·cm −2 ) a well-defined peak at t a = 1296 hours occurs on these curves. For the samples irradiated by doses 3 · 10 13 , 3 · 10 14 and 10 15 el·cm −2 ), a second peak appears on curves ∆ (t a ). The absence of this phenomenon in non-irradiated samples shows that it is stimulated only by irradiation. As already mentioned in the introduction, this phenomenon can be attributed to post-irradiation drift of radiation-induced structural defects. However, thermally unstable defects may be annihilated in the case of zeolite [1] , causing crystal-lattice ordering processes that result in an increase in conductivity.
Note that the irradiation of clinoptilolite may cause both the hydration and dehydration phenomena [6] . Indeed, the direct weighting shows that the weight of the sample irradiated by the dose 3 · 10 11 el·cm −2 slightly increases over 5 minutes and restores the initial value after a while. Besides, radiation-accelerated dehydration takes place in samples irradiated by doses higher 3·10 14 el·cm −2 ). On the other hand, depending on residual water molecules in a sample, the time necessary for their equilibrium redistribution in the elementary cell of zeolite varies from 3 to15 days [1] . Hence, it would be logical to assume that initial behavior of the curves shown in fig. 6 , is stipulated by radiation-enhanced hydration and dehydration. However, such an assumption cannot be unambiguously applied for the wide period of time t a , since the gravimetric measurements show that a sample with the larger content of water not always has the greater conductivity [1, 2] .
It is difficult to explain the character of observed peaks on curves ∆(t). It is possible to assume, however, that they are observable almost for all samples at t a =1296 h, are caused by the slow processes associated with the movements of protons and other ions in small cavities of clinoptilolite, and characterize its intrinsic properties. The occurrence of the second peak has a threshold character, and, most likely, is attributed to faster processes of redistribution of the existing structural defects in clinoptilolite.
Conclusions
For specific conductivity of dehydrated and completely hydrated clinoptilolite samples, the following values were obtained: σ 0 = 3 · 10 −9 ohm −1 ·cm −1 and (0.5)·10
, correspondingly, which are more than an order less for values of NaA synthetic zeolite. It could probably be explained by the different mechanisms of charge-carrier transports in clinoptilolite as well as in zeolites H-ZSM-5 and US-HY. This study shows that the dose dependence of conductivity in samples with the electric contacts before and after irradiation, in general, have non-monotonic behavior, which is ascribed to the complex processes of radiation defect production. The post-irradiation time-dependence of the clinoptilolite conductivity after storage at room temperature is caused by annealing of thermally unstable structural defects. A characteristic peak at t a = 1296 h on time dependence curves for all doses of irradiation was observed (except for a dose 3 · 10 15 el/cm 2 ) which describes the intrinsic properties of samples. At high irradiation doses, however, a second peak occurs on these curves in the region of fast processes. The post-irradiation time-dependence of conductivity decreases in weakly irradiated samples (less than 3 · 10 13 el/cm 2 ), and it increases at higher doses. After high-temperature treatment of samples, only thermally stable defects are kept. Hence, in these samples, unlike the non-heated ones, conductivity has no timedependence, and besides, has considerably high values, especially at doses above 10 15 el/cm 2 . The σ increase reaches its maximum at the dose of 10 16 electrons/cm 2 , which is higher by an order of magnitude compared to its initial value, and again drastically falls at 3 · 10 16 el/cm 2 , remaining above the initial value. In this case, however, the irradiation dose necessary to create strong disordered regions in the samples is an order of magnitude less than that for the unquenched one. This means a considerably larger concentration of catalytic active centers in the former case.
The irradiation of natural zeolite up to a 10 15 el/cm 2 dose monotonically increases the dielectric constant and weakly influences the dielectric losses factor tan δ. As a result of electron irradiation of natural zeolite samples at the initial stage, simple structural radiation defects are created, enhancing the formation of H and OH ions of adsorbed water. The irradiation dose of 3 · 10 16 el/cm 2 with energy 8 MeV is critical for drastic structural change in natural zeolite.
Thus the irradiation of the Armenian natural zeolite by electrons with energy of 8 MeV and doses from 10 12 el/cm 2 to 3 · 10 16 el/cm 2 creates various types of radiation defects, depending on radiation dose.
